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I.  introduction 

Aluminum  is  used  as  a  solid  propellant  additive  to 
improve  rocket  performance.  A  burning  propellant  containing 
aluminum  delivers  a  higher  specific  impulse  and  more 
effectively  dampens  high  frequency  acoustic  oscillations. 
These  gains  in  motor  performance  are  counter -ba 1 anced  by  a 
lowered  specific  impulse  efficiency  resulting  from  two-phase 
flow  loses  in  the  nozzle,  incomplete  aluminum  particle 
combustion,  and  nozzle  erosion.  The  major  contributors  to 
reduced  efficiency  by  two-phase  flow  losses  are  particle-gas 
velocity  lags  and  the  fact  that  the  particles  do  not 
"expand"  as  they  pass  through  the  nozzle.. 

The  burning  alumi num  often  produces  a  bi-modal 
distribution  of  aluminum  oxide  particle  sizes.  Aluminum 
particles  that  leave  the  burning  propellant  surface  shortly 
after  exposure  and  burn  in  the  gas  stream  produce  oxide 
particles  of  less  than  1-2  microns  in  diameter.  These 
smaller  particles  contribute  to  exhaust  plume  signature. 

They  also  contribute  to  two-phase  flow  losses,  but  little 
can  be  done  to  further  decrease  the  losses.  Particles  that 
do  not  leave  the  propellant  surface  immediately  may 
agglomerate  as  they  melt  and  burn,  and  the  oxide  layer  they 
produce  can  break  free  from  the  surface  in  sizes  larger  than 


5  microns  [Ref.  13.  These  larger  particles  are  a  major 
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contributor  to  the  two-phase  flow  loss,  and  their  erfect  can 
be  minimized  by  reducing  their  size. 

There  are  several  complex,  sem i -empi r i ca 1 ,  computer 
programs  that  attempt  to  model  the  most  important  momentum 
and  thermal  energy  exchange  processes,  and  predict  particle 
sizes  in  the  exhaust  nozzle.  These  models  are  based  on 
collected  samples  from  small  rocket  motor  exhausts  [Ref.  2] 
and  have  not  been  validated  for  accuracy  in  particle  size 
predictions  inside  the  rocket  motor  and  exhaust  nozzle.  Non- 
intrusive  measurements  of  particles  between  the  propellant 
surface  and  the  rocket  exhaust  using  laser  holography  and 
high  speed  photography  have  produced  some  substantiated  data 
for  particles  larger  than  approximately  18  microns  [Ref.  13. 
These  methods  have  not  proven  successful  for  smaller 
particles  which  represent  the  majority  of  those  present. 

Two  additional  non- intrus i ve  methods  for  conducting 
measurements  are  light  transmission  and  light  scattering, 
each  having  advantages  and  disadvantages.  Light  scattering 
techniques  are  generally  considered  to  be  applicable  only  in 
environments  where  the  transmittance  is  greater  than  90%  in 
order  to  satisfy  single  scattering  requirements  assumed  by 
the  data  analysis  programs.  Light  transmission  techniques 
which  are  applicable  to  dense  concentrations,  including 
multiple  scattering  environments,  work  best  for  small 
particles,  roughly  the  wavelength  of  the  illumination 
source,  and  require  a-priori  knowledge  of  particle 
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characteristics  [Ref.  13.  At  present,  light  scattering  is 
the  most  promising  technique  for  extending  the  data  base  to 
particles  in  the  size  range  of  0.5-18  microns,  without 
detailed  knowledge  of  particle  characteristics.  It  also  has 
the  advantage  of  extending  up  into  the  particle  sizes 
measurable  by  holography  and  high  speed  photography, 
which  will  provide  additional  verification  of  data 
obtained  by  those  techniques. 

To  date,  the  investigative  goal  has  been  to  develop 
verifiable,  experimental  techniques  for  obtaining 
quantitative  light  scattering  data.  Once  the  techniques  are 
developed,  they  will  be  used  to  determine  the  effects  of 
propellant  properties,  operating  pressures,  and  nozzle 
geometries  on  the  behavior  of  particulates  at  various 
positions  within  the  rocket  motor  and  exhaust  nozzle.  These 
results  are  needed  to  provide  data  on  the  effect  of  metal 
and  metal  oxide  size  distributions  on  rocket  motor 
performance,  f 1 ow  losses,  and  exhaust  signature.  They  are 
also  needed  as  feedback  to  improve  the  accuracy  of  the 
computer  models  presently  used  in  predicting  the  rocket 
motor  internal  operating  environment  and  exhaust  plume 
signature.  A  summary  of  previous  investigations  conducted  at 
the  Naval  Postgraduate  School  facilities  and  the  associated 


results  can  be  obtained  from  Reference  1. 


II.  THEORETICAL  BACKGROUND 


The  method  used  in  the  present  investigation  was  the 
d i f f ract i ve 1 y  scattered  light  technique.  This  method 
measures  the  diffraction  patterns  of  light  scattered  by 
particles  and  analyzes  the  data  obtained  to  determine  mean 
diameters,  such  as  the  vo 1 ume-to-surface  mean  diameter 
and  distributions  of  particle  sizes.  The  non- 
intrusive  nature  of  data  collection,  by  measuring  the 
diffraction  patterns  of  scattered  light,  makes  this  a 
preferable  technique  for  the  internal  rocket  motor 
environment.  The  major  disadvantages  of  this  technique  are 
(1)  the  difficulty  in  determining  size  distributions,  (2) 
bias  in  the  determined  values  attributable  to  the 
limitations  imposed  by  maximum  and  minimum  angles  of 
measurable  scattered  light,  (3)  maximum  limits  on  the  total 
concentrations  of  particulates  allowed  to  limit  multiple 
scattering  and  (4)  the  difficulty  of  keeping  viewing  windows 
free  from  particle  deposition. 

The  general  theory  of  light  scattering  was  developed  by 
Mie.  His  equations  were  not  limited  to  any  particular 
particle  size  or  refractive  index.  These  complex  equations 
containing  Legendre  polynomials  and  spherical  Bessel 
functions  are  applicable  to  all  situations,  but  are  very 
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cumbersome  for  data  reduction.  Van  de  Hu  1st  [Ref.  3] 
provides  a  detailed  discussion  of  the  light  scattering 
characteristics  of  spherical  particles,  including 
considerations  for  reflection,  refraction,  diffraction  and 
.  absorption. 

When  the  particle  size  is  significantly  different  from 
the  wavelength  of  the  scattered  light,  the  less  complicated 
theories  of  Rayleigh  (size  much  less  than  the  wavelength  of 
scattered  light)  or  Fraunhofer  (size  much  greater  than  the 
wavelength  of  scattered  light)  may  be  used.  Fraunhofer 
diffraction  has  been  successfully  applied  to  particles  with 
diameters  of  approximately  the  wavelength  of  the 
illumination  source.  The  wavelength  of  the  light  sources 
used  in  this  investigation  was  632.8  nm,  provided  by  two 
different  He-Ne  laser  systems.  The  maximum  measurable 
scattering  angles  of  the  locally  designed  system  and  the 
commercially  produced  MALVERN  2600  series  system  fixed  the 
minimum  detectable  particle  size  to  approximately  3.0 
microns  and  0.5  microns,  respectively.  These  physical 
limitations  restricted  the  area  of  interest  to  Fraunhofer 
diffraction. 

Both  theory  and  data  collected  to  date  suggest  that  the 
particle  sizes  found  in  solid  propellant  rocket  motors  are 
po 1  yd i sper sed  and  often  bi-modal.  Particle  size 
determination,  or  more  correctly  particle  size  distribution 
determination,  for  a  polydispersion  is  difficult  because  the 
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discrete  ring  patterns  for  the  scattered  light  from 
individual  particles  do  not  exist.  However,  Dobbins,  et  al 
[Ref.  43  found  that  for  a  polydispersion  D3  2  can  be 
accurately  measured.  D3  2  is  defined  by 


DS2  = 


Nr (DjD3 dD/ 


Nr  ( D )  D2  dD  , 


where  Nr(D)  is  a  distribution  function  describing  the 
proportion  of  particles  with  diameter  D  in  the  sample. 
Dobbins,  et  al  CRef.  43  used  the  Upper-Limit-Distribution- 
Function  ( ULDF )  developed  by  Mugele  and  Evans  [Ref.  53.  and 
this  approach  was  followed  in  the  locally  designed  laser 
system  used  in  this  investigation.  The  Introduction  chapters 
of  References  6-9  provide  a  complete  overview  of  the 
implemented  theory  for  the  locally  designed  system. 

Reference  4  shows  D3  2  to  be  quite  insensitive  to  the 
form  of  Nr(D).  This  fact  allowed  D3  2  to  be  the  common  aspect 
for  comparison  of  results  between  the  MALVERN  2600  series 
Particle  Sizer  (ring  diode  arrays)  and  the  previously  used 
and  locally  designed,  linear  diode  array  system.  This 
allowed  the  MALVERN’S  ability  to  measure  particle 
distributions  to  be  empl oyed  in  a  somewhat  verifiable 


manner,  even  though  the  data  reduction  algorithm  for  the 
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MALVERN  Particle  Sizer  is  proprietary  and,  therefore,  not 
available  to  the  user. 

The  reference  manual  for  the  MALVERN  [Ref.  103  (Page 
1-1)  states  that  the  "Model  Independent"  mode,  a  non-linear 
i east  squares  analysis  method,  is  able  to  measure  multimodal 
particle  sizes  with  high  resolution.  Finally,  during  a  phone 
conversation  with  Mr.  John  Taylor  of  Malvern  Instruments, 

Inc.  he  indicated  that  the  "Model  Independent"  mode  is  based 
entirely  on  Fraunhofer  diffraction. 


ill.  EXPERIMENTAL  APPARATUS 

A.  INTRODUCTION 

Photographs  of  the  rocket  motor  are  presented  in 
Figures  3.1  and  3.2.  They  respectively  show  the  disassembled 
motor  and  the  assembled  motor  horizontally  mounted.  The 
following  major  modifications  were  made  to  the  motor  and 
measurement  apparatus  used  in  the  previous  investigation: 

The  motor  mounting  brackets  were  modified  and  the 
motor  was  horizontally  mounted, 

One  of  the  two  locally  designed  He-Ne  laser  systems 
was  replaced  by  the  MALVERN  2600  Series  Particle 
Sizer,  and, 

The  Hewlett  Packard  9836S  data  acquistion  program  was 
modified  to  provide  the  necessary  switching  to 
externally  trigger  the  MALVERN  2600. 

Table  1  gives  the  specifications  for  the  lasers  used. 

B.  ROCKET  MOTOR 

The  motor  used  in  this  investigation  differed  in  three 
minor  aspects  to  that  used  by  Keith  [Ref.  93.  First, 
graphite  nozzles  were  used,  extending  the  motor  length  by 
one  inch.  Secondly,  most  motor  firings  were  conducted  using 
a  cylindrical  2"  diameter  by  1”  to  1.25"  thick,  non- 
perforated  (end  burning)  propellant.  And,  near  the  end  of 
the  investigation,  a  A”  extension  was  added  to  the  port 
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gure  3.2  Motor  on  Test  Stand,  Horizontal  Mounting 


TABLE  I 


LASER  SPECIFICATIONS 


A.  Helium-Neon  Laser  (Locally  Designed  System) 


B. 


1. 

Manufacturer  : 

Spectra-Physics 

2. 

Mode  1  : 

147 

3. 

Type : 

He-Ne  Class  1 I  IB 

4. 

Output  Power: 

8  mWatt 

5. 

Beam  Diameter: 

.  92mm 

6. 

Beam  Divergence: 

.87  mrad 

Helium-Neon  Laser  (Commercial 

System) 

1 . 

Manufacturer : 

MALVERN  Instruments 

2. 

Mode  1  : 

2600 

3. 

Type  : 

He-Ne  Class  I I I B 

4. 

Output  Power : 

2  mWatt 

5. 

Beam  Diameter: 

9  mm 

6. 

Beam  Divergence: 

Not  Ava i I ab 1 e 

21 
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containing  the  rupture  disc  to  prevent  disc  failure  rrom 
direct  exposure  to  burning  metals. 

Two  quite  different  composite  propel  lams  were  used  in 
the  motor  firings.  The  first  contained  1%,  by  weight,  of  6 
micron  zirconium-carbide  (ZrC)  which  was  not  expected  to 
burn  at  the  nominal  combust i on  gas  temperature.  The  second, 
contained  2%,  by  weight,  of  40  micron  aluminum.  The  aluminum 
should  completely  oxidize  at  nominal  gas  temperatures,  with 
a  10-15  msec  residence  time.  Both  propellants  were  ignited 
using  a  8KN03  igniter  fired  by  heating  a  high  resistance 
nichrome  filament  with  a  12  VDC  source. 


C.  LIGHT  SCATTERING  APPARATUS 

The  light  scattering  apparatus  previously  used  by  Keith 
CRef.  4]  is  shown  in  the  photograph  of  Figure  3.3, 
positioned  to  measure  in  the  motor  exhaust.  Page  6  of 
Reference  1  provides  a  complete  description  of  this 
apparatus. 

The  new  light  scattering  system  introduced  by  this 
investigation  was  the  MALVERN  2600  Series  Particle  Sizer. 
This  is  a  commercial  system,  manufactured  and  distributed  by 
MALVERN  Instruments  of  Malvern,  England.  The  details  of  the 
sizing  theory  and  analysis  programs  are  considered  to  be 
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Figure  3.3  NFS  Light  Scattering  Apparatus 
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proprietary  in  nature  by  the  manufacture  and  could  not  be 
obtained. 

The  MALVERN  2600,  depicted  in  Figure  3.4,  uses  a  2  mW, 
He-Ne  Laser  (632.8  nm  wavelength)  with  a  9  mm  diameter, 
collimated,  and  spatially  filtered  beam  [Ref.  113.  The 
illumination  source  and  detector  ai e  mounted  on  a  rigid 
optical  bench.  The  detector  uses  three  i nter changab 1 e 
Fourier  Transform  Lens  with  focal  lengths  of  63,  100,  and 

300  mm  [Ref.  113.  Their  respective  particle  sizing  ranges 
are  1.2-118,  1.9-188,  and  5.8-564  microns,  with  a  sub-class 

down  to  0.5  microns  [Ref.  103.  When  the  sub-class  is 
included,  the  dynamic  range  is  180:1  on  any  of  the  three 
range  settings  with  an  advertized  accuracy  of  +/-  4%  on 
Volume  Median  Diameter  (Ref.  113.  The  100  mm  lens  with  a 
particle  range  of  1.9-188  microns  was  used  during  this 
i  nves t i gat i on. 

The  MALVERN  2600  detector  uses  a  31  element  solid  state 
array  of  concentric  semicircular  diode  rings.  The  31  rings 
are  sampled  in  parallel  through  individual  amplifiers.  The 
sample/hold  electronic  construction  use*  A/D  conversion  and 
on  board  digital  storage.  This  electronic  arrangement 
provides  a  sampling  time  of  10-15  microseconds,  overcoming 
the  limitation  imposed  by  a  minimum  computer  read  in  time  of 
approximately  25  msec. 


D.  DATA  ACQUISITION  AND  REDUCTION 


Data  from  the  locally  designed  system  was  acquired  in 
accordance  with  the  computer  program  developed  by  Harris 
[Ref.  123.  The  detector's  own  circuit  board  provided  a 
sample  and  hold,  amplified  signal.  The  data  was  scanned  at 
33  KHz  and  then  stored  in  a  Hewlett  Packard  HP6942A 
mu  1 1 i programer .  System  control  was  accomplished  using  a 
HP9836S  computer.  Manual  triggering  was  used  in  the  early 
motor  firings  of  this  investigation,  using  operator 
interface  via  the  HP9836S  keyboard.  Preprogrammed  automatic 
triggering  at  150  psi  plus  a  1.2  second  time  delay,  was  used 
for  the  final  four  runs. 

The  computer  program  developed  by  Harris  and  modified 
by  Rosa  [Ref.  73  was  used  for  data  reduction,  with  the 
modification  that  the  background  light  noise  was  not 
subtracted  from  the  measured  data  during  the  testing  period 
of  19-26  May.  This  was  accomplished  by  deleting  the 
subtraction  of  the  background  data  matrix  on  line  1470  of 
the  "RDC1"  program.  Four  scans  of  the  linear  diode  array 
were  used  in  both  the  exhaust  and  motor  configurations.  The 
low-level  background  was  not  subtracted  because  of  a  problem 
with  several  of  the  diodes  on  the  1024  element  array. 

The  MALVERN  2600  Particle  Sizer  also  provides  A/D 
conversion,  plus  local  storage  in  the  diode  array  circuitry. 
System  control  in  the  manual  mode  (internal  trigger;  was 


provided  by  operator  interface,  via  the  keyboard  of  the 


MALVERN  system’s  AT&T  6300PC.  The  automatic  mode  (external 
trigger)  was  controlled  by  the  HP9836S  simultaneously  with 
the  locally  designed  system.  This  was  incorporated  by  using 
a  100  Hz  signal  generator  to  provide  a  5.0  volt,  triangular 
wave  to  trigger  the  MALVERN’S  Spray  Synchroniser,  which 
provides  triggering  control  to  the  MALVERN  in  the  external 
mode.  This  external  trigger  signal  was  supplied  via  a 
switching  network  in  the  HP9836S  computer  system.  Harris’ 
computer  program  [Ref.  123  was  modified  to  close  the  switch 
at  the  sample  initiation  point  in  the  program  and  to  open 
the  switch  after  a  3  second  time  delay. 

Data  acquisition  was  accomplished  using  the  MALVERN’S 
MASTER-SIZER  operating  system.  This  operating  system  uses  a 
command  based  language  that  allows  the  user  to  specify  the 
instrument  operations  and  analysis  restrictions.  Section  4.1 
of  Reference  11  provides  a  complete  description  of  the 
MASTER-SIZER  operating  system.  The  "Model  Independent" 
analysis  program  is  able  to  measure  multimodal  particle 
sizes  [Ref.  10J,  and  was  used  exclusively  for  reduction  of 
MALVERN  data.  This  program  uses  non-linear  least  squares 
analysis  to  find  the  size  distribution  which  most  closely 
fits  the  measured  scattering  profile  [Ref.  10].  The 
remaining  three  models,  Ros i n-Ramm 1 er ,  Log-Normal  and  Normal 
functions,  are  monomodal  analysis  programs  and  were  not  felt 
to  be  appropriate  for  the  present  investigations. 
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IV.  RESULTS  AND  DISCUSSION 


A.  INTRODUCTION 

This  investigation  was  based  on  four  major  objectives: 
(1)  design  a  new  two-dimensional  motor  to  optimise  use  of 
the  MALVERN  2600  Particle  Sizer  and  the  locally  designed 
system,  (2)  incorporate  the  MALVERN  2600  Particle  Sizer  into 
the  present  three-dimensional  motor  data  collection  system, 
(3)  correct  the  beam  wander  problem  encountered  by  Keith 
CRef.  93  when  using  the  locally  designed  (NPS)  system  for 
motor  measurements,  and  (4)  conduct  motor  firing  tests  of  a 
repeatable  nature  to  provide  cross  validation  of  the  two 
light  scattering  apparatuses.  The  goal  of  previous  NPS 
investigations  using  light  scattering  techniques  was  to 
determine  the  Ds 2  of  the  particles  in  the  motor  and  the 
nozzle  exhaust.  With  the  inclusion  of  the  MALVERN  2600  this 
investigation  would  also  be  able  to  provide  information 
concerning  the  particle  size  distribution  in  the  motor  and 
nozzle  exhaust.  D3 2  was  to  be  the  common  analysis  paramst  _  ■ 
used  for  cross  validation/ 


B.  TWO-DIMENSiONAL  ROCKET  MOTOR  DESIGN 

A  new  two-dimensional,  s 1 ender -por ted  motor  design, 
Figure  4.1,  was  desired  to  optimize  the  use  of  both  the 
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Mgure  4.1  Sketch  of  Proposed  2D  Motor 


MALVERN  and  the  locally  designed  system,  and  to  minimize 
adverse  effects  on  light  scattering  and  holography  by 
reducing  the  transmission  path  length  through  the  rocket 
motor.  The  motor  was  to  operate  at  500,  300,  or  100  psia 
using  slabs  of  solid  propellant.  The  converging  nozzle 
contour  was  to  provide  an  equiveiant  rate  of  change  of  area 
to  that  of  a  3-D  nozzle  with  a  30°  converging  section.  This 
would  continue  the  accumulation  of  particle  break-up  and 
particle-nozzle  interaction  data  which  could  be  directly 
related  to  the  previously  gathered  3-D  data,  while  taking 
advantage  of  the  narrow  transmission  path  length  of  the  2-D 
design.  Generic  constants  that  approximated  the  propellants 
in  use  were  used  to  aid  in  verification  of  the  feasibility 
of  design.  These  constants  were: 

a=0. 0304 

gc =32. 174  1 bm-f t/ 1 bf -sec 

n=0. 45 

C*  =5000  ft/sec 
p=0.062  lbm/in3 
Tc  =5800  °R 
R  =  50  f t- 1 bf / 1 bm-°  R 
gamma=  1 . 2 

To  obtain  the  desired  operating  pressures,  propel iant 
burning  surface  to  nozzle  throat  area  ratios  were 
established  using  the  relationship: 

Pc  =  C ( A„  apC'  ) / ( A, „ gc  )1 1 1 '  (  1  -  "  '  1 


Thus  for  Pc =500  psia,  Ab /At h =104. 16  and 
for  Pc  =300  psia,  AD/Ath  =  78.65  and 
for  Pe  =100  psia,  Ae/Ath  =  42.98. 

A  maximum  propellant  slab  length  of  7"  was  chosen.  This 
maximum  length  ensured  that  most  solid  propellants  readily 
available  to  NPS,  regardless  of  packaged  shape,  could  be  cut 
to  provide  one-piece  slabs  for  use  in  the  motor.  Choosing  a 
fixed  port/propellant  width  of  .25"  as  the  through-motor 
path  length  for  laser  light,  and  a  maximum  propellant 
chamber  length  of  7",  provided  a  propellant  burning  surface 
area  of  3.5  in2  for  the  two  propellant  slabs.  Combining 
Ab(max)=3.5  in2  with  Pc(max)=500  psia  and  using  the  above 
area  ratio  gives  an  A, h  of  0.0336  in2.  With  Ath  now  fixed, 
the  propellant  slab  lengths  for  chamber  pressures  of  300  and 
100  psia  are  calculated  to  be  5.3"  and  2.9"  respectively, 
using  the  area  ratios. 

The  next  step  in  design  verification  was  to  determine 
if  the  narrow  port  width  of  0.25"  would  result  in  choked 
flow  prior  to  the  combustion  gases  reaching  the  nozzle 
(station  2).  Using  the  Energy  equation: 

h»  =  Cp  Tt  =  Cp  T2  +  (V22/ 2)  ,  and  solving  for  T2 

gives 

T2  =  Tt  -  (V* 2 /2Cp  )  .  Eqn  ( 1 ) 
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Applying  the  continuity  equation  to  the  propellant  (assuming 
r  does  not  vary  greatly  with  length): 

m2  =  Ab  r  ,  and  with  r  =  aP"  ,  results  in 
m2  =  0.1085  lbm/sec  for  Pe  =  500  psia. 

The  continuity  equation  for  the  gas  is 

m2  =  p2Ap\/2  =  (P2Ap  V2  /RT2  )  =  0.1085  lbm/sec  . 


Solving  for  V2: 

V2  =  21 . 7(T2 /Pa )  .  Eqn  (2) 

Next,  using  the  momentum  equation: 

Pi  -  p2  =  p2  V2  2  =  <P2V22/RT2)  ,  and  solving  for  p2 

P2  =  P , / C 1  +  (V27/RT2)3  .  Eqn  (3) 

Substituting  Equation  (3)  into  Equation  (2)  and  rearranging: 

( 21 . 7/R )  V2  2  -  P,V2  +  21 . 7T2  =  0  .  Eqn  (4) 

Finally,  substituting  Equation  (1)  into  Equation  (4)  and 
solving  using  the  quadratic  equation  for  the  worst  case  V2 
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gives  a  solution  (with  p!  =  500  psia)  of 
V2  =  907.5  ft/sec. 

This  value  for  V2  and  the  fact  that  Cp  =  6R  can  now  be  used 
to  solve  Equation  (1)  for 

T2  =  4427  °R  . 

With  T2  now  determined  the  speed  of  sound  at  the  propellant 
exit  section  can  be  calculated,  resulting  in  a  Mach  number 
of 

M2  -  V2/a2  =  0.31  . 

Thus,  the  flow  velocity  remains  in  the  low  subsonic  region 
within  the  fuel  port.  Erosive  burning  effects  should  be 
neg 1 i g i b 1 e . 

It  was  desired  to  provide  an  equivalent  rate  of  change 
of  nozzle  area  to  that  of  a  30°  converging  3-D  nozzle  with 
an  inlet  area  of  0.575  in2  (representing  the  2.3"  X  0.25"  2- 
D  nozzle  inlet  area)  and  a  throat  area  of  0.0336  in2 
(representing  the  0.1344"  X  0.25"  2-D  nozzle  throat  area). 
The  equation  for  cross  sectional  area  of  an  ax i symmetr i c , 

3-D  nozzle 

A  =  TtD2 / 4  Eqn  (5) 
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was  used  such  that 


TABLE  I  I 


2D 

CONVERGING  NOZZLE 

DIMENSIONS 

DISTANCE  FROM 

DISTANCE  FROM 

AREA 

HEIGHT  OF 

NOZZLE  THROAT 

NOZZLE  ENTRANCE 

A  ( X ) 

NOZZLE 

xth 

X.„  , 

H 

( inches ) 

C  i  nches ) 

( i nches2 ) 

( inches) 

0.562 

0.  0 

0.  575 

2.3 

0.  462 

0.  1 

0.431 

1 . 72 

0.362 

0.  2 

0.308 

1 . 23 

0.  262 

0.  3 

0.  205 

0.82 

0.  162 

0.  4 

0.  123 

0. 49 

0.062 

0.  5 

0.062 

0.25 

0.  0 

0.  562 

0. 0336 

0. 1344 
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0.186,  0.124,  and  0.060  in2  respectively.  Equation  (5)  and 
(7)  couid  then  be  used  with 

D  =  CD.  -  2xtan(thet,  )]  , 

where  D.  =  0.487,  0.397,  0.277,  theta  is  the  angle  of 
divergence,  and  x  represents  thr  distance  from  each  nozzle 
exit  in  the  direction  of  ■'•he  throat. 

Nozzle  throat  elusion  as  a  function  of  time  would 
result  in  a  decreasing  maximum  propellant  chamber  pressure 
(Pc).  A  0.1"  flat,  constant  area  throat,  was  added  to  the 
motor  design  to  offset  the  effects  of  erosion  and  extend  the 
operating  life  of  the  nozzle  inserts. 

C.  SYSTEM  CALIBRATION 

A  phone  conversation  with  Mr.  Chris  Hughes  of  MALVERN 
Instruments  indicated  that  the  MALVERN  system  would  not 
accurately  measure  the  particle  diameters  and  distributions 
of  polystyrene  spheres.  Keith  [Ref.  9]  (page  33)  had 
calibrated  the  NPS  system  using  a  monomoda 1  distribution  of 
5.1  micron  polystryene  spheres.  The  system  that  both  Keith 
and  the  current  investigation  used  had  provided  a  Dj 2 
measurement  of  5.4  microns.  This  system  was  then  used  as  a 
secondary  calibration  reference  with  which  to  compare  the 


MALVERN  2600. 


A  metal  oxide  powder,  supplied  by  MALVERN  Instruments, 
containing  particles  with  a  nominal  size  range  of  i-20 
microns  and  a  mean  diameter  of  5-8  microns  was  suspended  in 
distilled  water  and  used  as  the  comparison  medium.  A  glass 
container  measuring  approximately  25  mm  wide  by  20mm  high  by 
6mm  deep  was  used  to  hold  the  comparitive  sample,  and  a 
glass  stirring  rod  was  used  to  mix  the  sample  during 
measurements . 


At  this  point  of  the  investigation  the  apparatuses 
were  arranged  so  that  the  NPS  system  would  measure  the 
nozzle  exhaust  and  the  MALVERN  would  measure  the  internal 
motor  environment.  Therefore,  when  taking  measurements  using 
the  MALVERN,  the  sample  was  placed  inside  the  motor  cavity 
with  the  nitrogen  purge  filters  and  the  fused  silica  windows 
installed.  The  standard  calibration  procedure  for  the  NPS 
system  as  described  by  Harris  [Ref.  12]  was  used  for  that 
system.  Because  of  the  MALVERN’S  lower  tolerance  for  light 
obscuration,  the  sample  used  with  the  NPS  system  was  then 
diluted  by  a  factor  of  four  prior  to  its  measurement  with 
the  MALVERN  2600.  The  calibration  of  the  MALVERN  was 
conducted  in  accordance  with  Reference  11. 

The  results  of  this  comparative  test  were  at  first 
thought  to  be  fair  at  best.  Figure  4.2  gives  the  D32 
obtained  from  the  NPS  system,  which  was  5.5  microns.  Figure 
4.3  shows  the  tabulated  volume  distribution  and  the 
associated  distribution  graph  wh.ch  indicate  a  D3 2  of  4.5 
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Initial  Comparative  Test  Results,  MALVERN 
Using  All  31  Diode  Rings 


microns  from  the  MALVERN.  This  would  indicate  that  the 
MALVERN  differed  from  the  NPS  system  by  approximately  18%. 

Later  in  the  investigation  when  rocket  motor  operation 
had  been  stabilized  and  was  repeating,  the  MALVERN  data 
appeared  not  to  repeat.  As  will  be  explained  in  the  Motor 
Firing  section,  it  was  discovered  that  the  scattered  light 
received  by  the  outer  three  rings  of  the  MALVERN  was 
originating  from  light  scattering  off  the  nitrogen  purge 
filter  of  the  window  located  on  the  detector  side  of  the 
motor.  This  bias  could  be  removed  by  deleting  the  data 
received  by  the  MALVFRN’s  outer  three  rings  using  a 
"K1LLDATA  0,3"  command  in  the  Master  Sizer  mode.  This 
limited  the  MALVERN’S  measurable  particle  range  to  a  minimum 
of  3.5  microns  vice  the  1.9  microns  normally  expected  when 
using  the  100  mm  focal  length  lens.  This  would  mean  that  the 
calculation  of  D3  2  and  the  particle  distributions  would  be 
shifted  somewhat,  but  the  fact  that  a  non-linear  least 
squares  curve  fitting  method  was  used  by  the  Mode! 
Independent  program  meant  that  for  any  given  particle  size 
distribution  the  associated  curve  would  most  likely  remain 
unique. 

After  the  discovery  of  the  bias  being  injected  by  light 
scattering  off  the  purge  filter,  the  original  data,  with  the 
outer  three  rings  of  data  "killed",  was  reanalyzed.  Figure 
4.4  shows  the  tabulated  volume  distribution  and  the 
associated  distribution  graph  which  now  indicated  a  D3 2  of 
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Final  Comparative  Test  Results,  MALVERN 
Using  Inner  28  Diode  Rings 


5.8  microns.  With  the  adverse  effects  of  the  light  scattered 
by  the  filter  removed,  the  MALVERN  agreed  within  5.5  %  of 
the  NPS  system  calculated  value  of  5.5  microns.  The 
agreement  between  the  two  light  scattering  apparatuses  was 
now  considered  to  be  excellent. 

Prior  to  the  final  two  rocket  firings  the  two  light 
scattering  apparatuses  were  switched  so  that  the  NPS  system 
now  measured  the  internal  motor  environment  and  the  MALVERN 


THETF) 


At  the  beginning  of  this  investigation  plans  were  made 
to  conduct  several  motor  firings  using  the  two  NPS  light 
scattering  apparatuses  used  by  Keith.  The  width  of  the 
bandpass  laser  line-filters  used  in  the  detector  tubes  were 
to  be  determined  and  the  systems  were  to  be  realigned  and 
calibrated  prior  to  firing  a  rocket  motor.  During  removal  of 
the  laser  line-filter  on  the  system  with  which  Keith  had 
encountered  beam  wander  the  Fourier  Transform  lens  was  found 
to  be  excessively  cocked  due  to  a  missing  set  screw.  These 
lens  are  held  in  place  by  two  set  screws  located  180°  apart 
at  the  top  and  bottom  of  the  detector  tube.  Because  of  the 
method  of  removal  of  the  laser  line-filter,  it  is  doubtful 
that  the  Fourier  Transform  lens  was  cocked  during  the 
d i sassemb 1 y . 

The  function  of  the  Fourier  Transform  lens  is  to  focus 
the  light  to  a  point  based  on  its  angle  of  incidence  on  the 
outer  face  of  the  lens.  Therefore,  if  this  lens  is  cocked 
during  system  operation,  the  associated  linear  diode  array 
will,  at  best,  measure  incorrect  scattered  light  intensities 
for  a  given  angle.  The  scattered  light  is  focused  by  the 
lens  in  a  manner  that  would  provide  a  ring  of  light  if  the 
particles  were  monomodal.  If  the  lens  is  twisted  about  the 
axis  of  the  bottom  set  screw,  as  well  as  cocked,  then  the 
linear  array  would  not  be  intersecting  these  rings  along  a 
line  normal  to  the  rings.  This  could,  in  fact,  create  stored 
data  of  the  nature  experienced  by  Keith. 


A  second  problem  was  encountered  with  this  same  system 


during  the  calibration  phase.  Erratic  signals  from  the 
sample  and  hold  circuit  were  evident  on  the  oscilloscope 
during  system  operation.  Over  a  period  of  roughly  a  week  the 
reliability  of  the  circuit  worsened  and  it  finally  failed 
completely.  Because  of  the  complexity  of  the  sample  and  hold 
circuit,  no  judg  lent  could  be  made  to  the  possible  impact 
this  problem  may  have  had  concerning  the  beam  wander 
experienced  by  Keith. 

Under  the  second  category  of  reasons  as  to  why  beam 
wander  was  not  encountered  during  this  investigation,  two 
procedural  differences  existed  in  the  use  of  the  NFS  system 
for  measuring  the  internal  motor  environment.  First, 
measurements  were  taken  at  approximately  steady  propellant 
chamber  pressures  (Pc  was  varying  less  than  15  psig/second> 
which  would  minimize  the  laser  beam  deflection  resulting 
from  pressure  waves  mentioned  by  Keith  [Ref.  93.  Secondly, 
the  laser  beam  diameter  was  3-4  times  larger  than  that  used 
by  Keith.  This  should  minimize  the  problem  of  having  the 
beam  move  slightly  off  of  the  array. 

E.  MOTOR  FIRINGS 

The  results  obtained  from  the  internal  motor- 
environment  by  the  MALVERN  and  presented  in  this  section  are 
based  on  the  data  collected  by  the  innermost  28  diode  rings. 
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When  the  MALVERN  was  used  to  sample  the  nozzle  exhaust,  ail  ' 

31  diode  rings  of  collected  data  were  used.  This  decision  l 

was  based  on  the  inconsistency  of  sample  results  during 

r 

early  rocket  motor  firings  and  rough  physical  measurements  5 

obtained  from  the  MALVERN  ring  array. 

Reference  9  illustrates  that  the  maximum  angle  of 
scattered  light  that  can  freely  pass  through  the  window 
assembly  from  the  motor  internals  is  approximately  6  ; 

degrees.  The  relationship  j 

i 

Theta  =  Tan’  1  <R/X>  ,  1 

\ 

i 

can  be  used  to  determine  the  maximum  detectable  scattering 
angle  for  the  MALVERN.  R/X  can  be  the  ratio  of  the  radius  of 

•» 

the  associated  detector  lens  to  the  cutoff  distance  (as 

» 

defined  in  Figure  5.2-B  of  Reference  11)  or  the  ratio  of  the 

diode  array  heigth  to  the  focal  length  of  the  detector  lens.  : 

Using  6°  for  Theta  and  solving  for  the  diode  array  heigth 

gives  a  maximum  height  of  approximately  0.4  inches.  This  0.4  j 

5 

inch  heigth  roughly  includes  the  inner  28  diode  rings.  Data 
collected  by  rings  29-31  are  suspected  to  include  light 
scattered  by  the  window  nitrogen  purge  filter  and  was 
excluded  during  internal  motor  environment  sampling.  More 
accurate  information  concerning  diode  ring  spacing  wi 1 1  be 
available  at  the  Naval  Postgraduate  School  in  the  near 
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future,  and  the  present  estimation  will  be  refined  in  a 
later  investigation. 

Table  III  gives  a  summary  of  rocket  motor  firings 
and  the  associated  parameters.  The  tests  conducted  fell  into 
three  basic  groups:  (i)  motor  firings  with  a  propellant 
containing  2%  aluminum  which  were  conducted  to  established  a 
combination  of  a  neutral  burning  propellant  chamber  pressure 
and  a  sufficiently  large  particle  concentration  in  the 
nozzle  exhaust  to  provide  reliable  sampling  by  the  two 
systems,  (2)  motor  firings  using  a  propellant  with  6  micron 
diameter  zirconium  carbide  for  the  purpose  of  sampling  for  a 
known  particle  size  in  the  motor  and  nozzle  exhaust  of  a 
burning  rocket  motor,  and  (3)  motor  firings  with  a 
propellant  containing  2.0%  aluminum  with  repeatable 
operational  parameters  such  that  verification  of 
measurements  could  be  provided  by  data  obtained  during  two 
consecutive  firings.  In  addition,  cross  validation  could  be 
accomplished  by  repeating  the  tests  with  the  sampling 
location  of  the  two  light  scattering  systems  switched.  The 
tests  listed  in  Table  ill  will  be  discussed  using  these 
groupings.  Experimental  results  for  all  firings  discussed 
are  summarized  in  Table  IV. 

The  first  group  of  tests  includes  those  motor  firings 
conducted  during  5-7  May  and  15-18  May.  The  test  of  5-7  May 
were  conducted  using  a  0.335  inch  graphite  nozzle.  The  5  May 
test  used  a  1.9  inch  diameter  by  1.25  inch  thick  end  burning 


TABLE  I  i  i 


SUMMARY  OF  MOTOR  FIRINGS 


Date 

Test 

of 

Wt.  of 
Meta  1 
(%) 

Meas 

Press 

Pc 

(  ps  i  g  ) 

Max 

Press 

Pc 

(  ps i g  ) 

Burn 
Time 
( sec ) 

Prop 
Surf 
Area 
(in1  ) 

Throat 
D  i  a 

Dt  n 

(in) 

May 

5. 

1987 

2.  0 

A  1 

17 

18 

7.  7 

2.83 

0.335 

May 

6, 

1987 

2.0 

A  1 

55 

58 

4.  9 

*4. 79 

0 .  335 

May 

7, 

1987 

2.0 

A  1 

55 

56 

5.  1 

*4. 79 

0.  335 

May 

12, 

1987 

1 . 0 

ZrC 

124 

139 

7.2 

2.83 

0.  2 

May 

13, 

1987 

1.0 

ZrC 

119 

130 

6.5 

2.83 

0.  2 

May 

15, 

1987 

2.0 

A  1 

42 

53 

5.8 

2.  83 

0.  28 

May 

18, 

1987 

2.0 

A  1 

190 

273 

3 . 6 

2.  83 

0.  2 

May 

19, 

1987 

2.0 

A  1 

265 

272 

3.  5 

2.  83 

0.  _ 

May 

20, 

1987 

2.0 

A  1 

238 

260 

3.  4 

2.  83 

u .  2 

May 

22, 

1987 

2.0 

A  1 

233 

241 

2.9 

2.  83 

0. 4 

May 

26, 

1987 

2.0 

A  I 

21 1 

222 

3.  8 

2.83 

0. 2 

NOTE:  Propellant  surface  area  indicated  by  *4.79 

represents  the  same  1.9"  propellant  diameter, 
but  with  the  addition  of  a  0.45"  diameter 
center  hole,  providing  a  progressive  burn. 
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TABLE  IV 


SUMMARY  OF  EXPERIMENTAL  RESULTS 


yvj  Date  of 

Wt .  of 

Meas 

Burn 

Motor 

Exhaust 

Dj  Test 

Metal 

Press 

T  i  me 

d32 

Dj  2 

1 

(%) 

(  ps  i  g  ) 

(  sec ) 

( m i crons ) 

(microns; 

SB  May  5,  1987 

2.0  A  1 

17 

7.7 

7. 0( V) 

7 . 0  ( N ) 

N.  0. 

K?  May  6,  1987 

2.0  A  1 

55 

4.9 

85. 8( V) 

N.  0. 

7.  5  (  N ) 

$j  May  7,  1987 

2.0  A  1 

55 

5. 1 

69 . 3 ( V ) 
64. 8(N) 

N.  0. 

May  12,  1987 

1.0  ZrC 

124 

7.  2 

43. 0(V) 

9. 5( ?) 

m  May  13,  1987 

1.0  ZrC 

119 

6.5 

27. 0(N) 

47. 7(V) 

6 . 5  ( ? ; 

■  ' 

32. 4(N) 

May  19,  1987 

2.0  A  1 

265 

3.  5 

4 . 3  (  V  ) 

6.2 

i  * 

4 . 3  (  N  ) 

HI  May  20,  1987 

2.0  A  1 

238 

3.4 

4 . 3  <  V  ) 

4 . 3  (  N  ) 

4 . 6 

tv  May  22,  1987 

2.0  A  1 

233 

2.9 

4. 4 

127. 1 ( V; 

1 

122. 6 i N) 

K*  May  26,  1987 

2.0  A  1 

211 

3.8 

4.6 

97. 6< V  ' 

0222 

1. 1 (N) 

(V)  --  MALVERN  Volume  Distribution  D3  2 
(N)  --  MALVERN  Number  Distribution  Dj  2 
(?)  --  faulty  diodes  at  smaller  angles 
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propellant  grain  while  those  of  6  and  7  May  used  a 
propellant  grain  of  the  same  dimensions,  but  with  a  0.45 
inch  center  hole  added  to  cause  a  progressive  burn.  Neither 
objective  was  accomplished  with  these  test.  The  propellant 
chamber  pressure  never  reached  a  plateau  during  the  motor 
burn  and  the  sca^sraJ  light  intensity  was  too  low  to 
produce  usable  data  for  the  NPS  system  (Figure  4.6).  At  this 
point  in  the  testing  it  was  felt  that  a  smaller  nozzle 
diameter  was  required  (1)  to  provide  a  high  enough  chamber 
pressure  associated  with  an  end  burning  propellant  grain  and 
(2)  to  increase  the  particle  concentration  in  the  nozzle 
exhaust. 

The  light  scattering  data  obtained  by  the  MALVERN 
during  the  5-7  May  testing  was,  on  the  other  hand, 
informative.  The  5  May  low  chamber  pressure  test  results 
shown  in  Figure  4.7  indicated  that  the  particles  inside  the 
motor  had  a  D3  2  of  7.0  microns.  On  6  May  when  the  chamber 
pressure  was  approximately  3.6  times  greater  the  D3 2  shown 
in  Figure  4.8  increased  to  85.8  microns.  As  propeliant 
chamber  pressure  increases,  burning  rate  increases  as 
expected  (indicated  in  Table  111  by  the  reduction  in  burn 
times  from  5  to  6  May).  With  an  increased  burning  rate  and 
higher  chamber  pressure  the  metal  particles  should  spend 
less  time  on  the  burning  propellant  surface,  particle 
agglomeration  should  decrease  and  more  complete  burning  of 
the  particles  should  occur.  This  should  have  resulted  in  the 
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Figure  4.8 


Volume  Distribution  Motor  Results  Using 
Inner  28  Diode  Rings,  6  May 


6  May  Ds 2  being  approximately  equal  to  or  less  than  the  5 
May  Dj  2 • 

In  an  attempt  to  clarify  the  unexpected  increase  in  D, 2 
the  MALVERN’S  Master  Sizer  program  was  used  to  transform  the 
5  and  6  May  data  to  numerical  distributions,  shown  in 
Figures  4.9  and  4.10  respectively.  The  numerical 
distribution  D3 2 ’ s  were  7.0  and  7.5  microns.  These  were  in 
far  better  agreement  with  pridictions  than  the  volume 
distribution  calculations.  The  existence  of  the  large  50-188 
micron  particles  had  totally  biased  the  calculation  of  Dz 2 
when  using  a  volume  distribution  function.  The  volume  of  a 
sphere  increases  as  the  cube  of  its  radius.  A  90.0  micron 
diameter  spherical  particle  would  therefore  have 
approximately  5832  times  the  volume  of  a  5.0  micron  diameter 
spherical  particle.  The  introduction  of  less  than  0.02%  by 
number  of  the^n  large  diameter  particles  would  therefore 
totally  nullify  the  accuracy  of  the  measuring  apparatus. 

The  7  May  test  results  shown  in  Figures  4.11  and  4.12 
were  even  more  heavily  biased  toward  the  large  diameter 
particles.  The  numerical  distribution  Ds 2  of  64.8  microns 
was  only  slightly  smaller  than  the  volume  distribution  Dz 2 
of  6S.3  microns.  A  possible  source  of  this  large  particle 
contamination  was  the  RTV  used  to  inhibit  and  bond  the 
propellant  grain  in  .o  the  chamber.  On  6  and  7  May  a 
progressive  burning  propellant  grain  had  been  used  which 
exposed  additional  RTV  at  the  head-in  of  the  center 
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perforation  to  the  hot  combustion  gases  throughout  the 
rocket  burn.  No  special  testing  was  conducted  to  isolate  the 
source  of  these  large  particles.  However,  post-fire  motor 
examinations  revealed  large  quantities  of  flaking  material 
on  the  walls. 

The  tests  conducted  on  15  and  18  May  provided  no  new 
information.  The  data  were  rough  duplicates  of  those 
obtained  on  6  and  5  May,  respectively.  Both  test  indicated 
the  presence  of  large  particles  in  the  range  of  50-188 
microns.  The  motor  pressure  on  18  May  settled  into  a 
plateau,  but  the  sample  was  measured  while  the  pressure  was 
still  increasing  rapidly. 

The  second  test  grouping  consisted  of  the  test  firings 
on  12  and  13  May.  A  0.2  inch  diameter  graphite  nozzle  was 
used  in  conjunction  with  an  end  burning,  1.9  inch  diameter 
by  1.0  inch  thick  grain  of  propellant  which  contained  1.0% 
zirconium-carbide.  The  combination  of  an  end  burner  with  a 
0.2  inch  nozzle  produced  a  flatter  pressure  trace,  shown  by 
Figure  4.13,  during  motor  burn.  The  12  and  13  May  nozzle 
exhaust  D3  2  ’  s  shown  in  Figures  4.14  and  4.15  were  9.5  and 
6.5  microns  respectively.  The  center  portion  of  these  curves 
from  approximately  0.03  to  0.045  radians  is  low  due  to 
several  bad  diodes  being  in  close  proximity  in  the  linear 
diode  array.  This  resulted  in  an  overestimation  of  D3  2  . 
Concentrating  on  the  slope  of  the  curve  from  0.045  to  0.065 
radians  would  indicate  that  a  D3 2  of  5-7  microns  wouid  be  a 
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better  estimation.  This  also  represented  the  expected 
particle  size.  In  addition,  the  NPS  system  was  set  up  to 
measure  small  particles.  Thus,  the  minimum  detectable 
scattering  angle  was  currently  set  at  approximately  1.14°. 
This  limits  the  maximum  particle  size  for  accurate 
measurement  to  approximately  20  microns,  which  would  greatly 
reduce  any  bias  toward  large  particles. 

The  results  of  sampling  the  internal  motor  environment 
with  the  MALVERN  are  shown  in  Figures  4.16  through  4. 19.  The 
measured  D*  2  ’  s  of  27.0  to  47.7  microns  were  not  consistent 
with  the  6  micron  zirconium-carbide  particles  in  the  burning 
propellant.  Because  of  the  small  percentage,  by  weight,  of 
these  particles  in  the  propellant,  any  contamination  by 
larger  particles  could  totally  mask  their  presence.  The  RTV 
material  was  again  suspected  of  being  the  source  of 
contami nation. 

A  sample  of  the  12  May  post-fire  residue  was  removed 
from  the  motor  cavity  in  the  vicinity  of  the  windows  (Figure 
4.20)  and  from  the  converging  section  of  the  graphite  nozzle 
(Figures  4.21  and  4.22).  These  samples  were  mu  1 t i p 1 e -washed 
using  acetone  and  then  examined  using  an  electron  microscope 
(SEM).  The  observed  spherical  particle  sizes  ranged  from  1- 
20  microns.  This  is  a  reasonable  size  range  for  a  powder 
mean  diameter  of  6  microns,  and  does  not  support  the  27.0  to 
47.7  microns  measured  by  the  MALVERN.  The  SEM  did  indicate 
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the  presence  of  large  irregular  shaped  particles,  but  their 
source  could  not  be  determined. 

The  Visicorder  trace  of  the  chamber  pressure  for  both 
tests  indicated  a  series  of  random  short  pressure  spikes. 
During  the  12  May  test  a  KODAK  Ektapro  high  speed  video 
camera  recorder  (VCR)  was  used  to  monitor  the  nozzle 
exhaust.  At  a  speed  of  1000  frames  per  second  this  VCR  was 
able  to  visually  capture  the  sequence  that  occurred. 

Refering  to  Figure  4.23  (viewing  from  top  to  bottom)  the 
following  events  are  indicated:  (1)  normal  exhaust  flow  with 
the  scattered  laser  beam  visible  just  to  the  right  of  the 
point  of  the  bright  area,  (2)  three  milliseconds  later, 
pressure  upstream  of  the  nozzle  throat  has  increased  causing 
a  much  greater  rate  of  expansion  of  the  exhaust  gases  at  the 
nozzle  outlet,  and  (3)  twelve  milliseconds  after  the 
pressure  flareup  started,  a  residue  of  large  particle  sizes 
was  blown  free  of  the  nozzle  with  the  scattered  laser  beam 
now  evident  at  the  right  lower  side  of  the  bright  area  and 
partially  blocked  from  view  by  what  appears  to  be  a  large 
clump  of  material  that  has  broken  free  of  tre  nozzle. 

These  VCR  prints  provided  additional  proof  that  large 
particle  sizes  were,  in  fact,  being  produced  in  the  internal 
motor  environment.  Data  had  now  been  obtained  by  two  totally 
independent  methods  to  support  this  fact.  In  addition  (as 
mentioned  above),  after  firing  a  motor,  the  propellant 
chamber  walls  were  covered  by  a  large  flaky  material  that 
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rapidy  dissipated  as  the  distance  from  the  bonded  surface 
increased.  Because  two  completely  different  propellants  were 
used  during  the  tests,  but  the  same  bonding  materia)  was 
used  with  both  propellants,  the  RTV  was  the  most  likely 
source  of  the  large  particle  contamination. 

The  third  group  of  tests  were  those  conducted  during 
19-26  May.  A  0.2  inch  diameter  graphite  nozzle  was  used  with 
an  end  burning  1.9  inch  diameter  by  1.0  inch  thick  grain  of 
2.0%  aluminized  propellant.  The  light  scattering 
measurements  were  taken  on  the  pressure  plateau  at  92%  and 
97%  of  maximum  chamber  pressure,  with  burn  times  ranging 
from  2.9  to  3.8  seconds.  The  purpose  of  these  tests  was  to 
first  ensure  that  the  data  obtained  by  the  two  light 
scattering  apparatuses  would  repeat,  given  the  same  set  of 
conditions.  Secondly,  the  two  systems  were  interchanged  as 
another  method  of  checking  how  well  the  analyzed  data  would 
correlate  between  the  two  systems. 

The  effect  of  the  bad  diodes  on  the  linear  array 
together  with  low  scattered  light  intensities  resulted  in 
distorted  scattering  profiles  near  .035  radians.  Background 
light-noise  was  also  limited  almost  entirely  to  less  than 
.035  radians.  The  decision  was  therefore  made  to  eliminate 
the  subtraction  of  the  background  data  by  the  program.  This 
was  accomplished  by  modifying  line  1470  of  the  RDC1  program 
as  listed  in  the  appendix  of  Reference  7  to  read 


1470  MAT  Av  1  = A v2  . 


The  NPS  scattered  light  profiles  used  in  this  chapter  for 
the  tests  of  19-26  May  therefore,  include  the  small 
background  noise. 

On  19  May,  the  Ds 2  measured  by  the  NPS  system  at  the 
nozzle  exhaust  (Figure  4.24)  was  approximately  S.2  microns. 
On  20  May  the  NPS  system  measured  a  D3  2  of  4.6  microns 
(Figure  4.25).  On  the  same  dates,  the  MALVERN  2600  measured 
internal  motor  environment  D3 2 ’ s  of  4.3  microns  (Figures 
4.26-4.29)  based  on  both  volume  and  number. 

A  sample  of  the  19  May  post-fire  residue  was  removed 
from  the  converging  section  of  the  graphite  nozzle.  SEM 
photographs  (Figure  4.30-4,32)  of  the  residue  displayed 
spherical  particle  sizes  ranging  from  less  than  1.0  to 
greater  than  30  microns.  Large  irregular  shaped  particles 
similiar  to  those  viewed  in  the  12  May  samples  (Figures 
4.20-4.22)  were  also  present  ir.  large  numbers. 

The  MALVERN  and  NPS  systems  were  then  switched  so  that 
the  NPS  system  would  measure  in  the  internal  motor 
environment  and  the  MALVERN  would  measure  in  the  nozzle 
exhaust.  The  calibration  of  the  NPS  system  was  verified 
using  9.6  micron  particles  as  discussed  earlier.  Then  on  22 
and  26  May  the  test  conditions  of  19  and  20  May  were 
repeated . 
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Volume  Distribution  Motor  Results  Using 
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Number  Distribution  Motor  Results  Using 
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Since  the  maximum  scattering  angle  of  the  MALVERN  was 
no  longer  limited  by  the  rocket  motor  window,  no  rings  of 


data  were  deleted  from  the  analysis.  As  shown  in  Figures 
4.33-4.36,  the  22  and  26  May  nozzle  exhaust  volume 


distribution  D3  2  measurements  made  with  the  MALVERN  were 
127.1  and  97.6  microns  respectively.  The  number  distribution 
D3 2  measurements  were  122.6  and  1.1  microns  respectively. 

The  26  May  results  indicated  a  tri-modal  volume  distribution 
of  particles.  The  number  distribution  was  monomodal  and 
dominated  by  particles  of  less  than  2.6  micron  diameters. 

The  22  and  26  May  internal  motor  environment  D3  2  ’  s 
measured  by  the  NPS  system  (Figures  4.37  and  4.38)  were  4.4 
and  4.6  microns.  Although  the  background  was  not  subtracted, 
the  curve  fit  left  little  doubt  that  these  measurements  were 
of  a  reasonable  accuracy. 

During  these  four  tests  the  D3 2  values  obtained  for  the 
motor  environment  from  both  the  MALVERN  and  NPS  systems  were 
in  excellent  agreement  (within  7%).  The  D3 2  values  obtained 
in  the  exhaust  using  the  NPS  system  were  consistent,  but  the 
system  was  not  capable  of  measuring  the  very  large  particles 
observed  by  the  MALVERN.  The  large  particles  are  believed  to 
originate  from  the  RTV  used  for  inhibiting  and  bonding. 
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Figure  4.34  Number  Distribution  Exhaust  Results,  22  May 
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Figure  4.35  Volume  Distribution  Exhaust  Results,  26  May 
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Figure  4.37  Motor  Profile,  22  May 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  of  this  investigation  have  shown  that  the 
measurement  of  particie  size  distribution  and  D3 2  can  be 
made  through  both  the  exhaust  jet  and  the  motor.  However, 
certain  limitations  and  restrictions  do  exist,  and  must  be 
resolved  prior  to  determining  if  accurate  measurements  are 
possible. 

Manufacture  of  the  two-dimensional  (2D)  motor  with  the 
50  mm  windows  should  correct  the  large  angle  scattering 
problem  that  exist  with  MALVERN  measurements  across  the 
motor  windows.  The  2D  motor  with  its  narrow  internal  port 
will  reduce  the  level  of  obscuration,  which  should  improve 
the  accuracy  of  the  MALVERN,  but  may  lead  to  difficulties 
with  achieving  an  adequate  signal  for  the  NPS  system.  Since 
the  NPS  and  MALVERN  light  scattering  systems  provided 
repeatable  and  cross  correlatable  particle  size  data  as 
evidenced  by  the  test  conducted  on  19-26  May,  the  MALVERN 
has  been  verified  to  be  as  accurate  as  the  NPS  system  for 
measuring  the  motor  internal  environment. 

Contamination  by  large  particles  was  evident  throughout 
the  testing  phase.  The  most  logical  source  of  these  large 
particles  was  the  RTV  material.  The  present  propellant 
cutter  is  approximately  0.1  inches  smaller  in  diameter  than 


the  three-dimensional  motor  cavity.  By  reducing  the 
difference  in  diameters  of  the  motor  cavity  and  the  cutter, 
the  quantity  of  RTV  used  for  bonding  could  be  reduced.  Also, 
by  ensuring  the  amount  of  excess  RTV  at  the  back  of  a  center 
punched  hole  is  minimized,  exposure  of  large  amounts  of  the 
bonding  material  to  the  hot  combustion  gases  during  the 
measurement  period  could  be  minimized.  Testing  might  also  be 
conducted  to  find  an  alternate  and  more  acceptable  bonding 
material,  since  it  will  also  be  required  by  the  2D  motor. 

Beam  wander  did  not  occur  during  this  investigation,  if 
it  is  evidenced  by  later  investigators  two  possible  cures 
are  to  change  the  spatial  filter  and  collimator  to  produce  a 
light  beam  with  a  larger  diameter  and  to  ensure  that 
measurements  are  taken  on  the  flat  pressure  plateaus. 

A  final  recommendation  is  that  a  new  linear  diode  array 
be  purchased  to  replace  the  existing  array.  Until  such  time 
as  this  is  feasible,  the  modification  of  the  RDC1  program  to 
delete  the  subtraction  of  background  from  the  sample  data 
should  continue  to  be  considered  as  an  acceptable 
alternative  to  aid  in  accurate  interpolation  of  the  analysis 
data  provided  by  the  NPS  system. 
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